Neuronal computation underlying detection of visual motion has been studied for more than a half-century. In Drosophila, direction-selective T4/T5 neurons show supralinear signal amplification in response to stimuli moving in their preferred direction, in agreement with the prediction made by the Hassenstein-Reichardt detector. Nevertheless, the molecular mechanism explaining how the Hassenstein-Reichardt model is implemented in T4/T5 cells has not been identified yet. In the present study, we utilized cell type-specific transcriptome profiling with RNA-seq to obtain a complete gene expression profile of T4/T5 neurons. We analyzed the expression of genes that affect neuronal computational properties and can underlie the molecular implementation of the core features of the Hassenstein-Reichardt model to the dendrites of T4/T5 neurons. Furthermore, we used the acquired RNA-seq data to examine the neurotransmitter system used by T4/T5 neurons. Surprisingly, we observed co-expression of the cholinergic markers and the vesicular GABA transporter in T4/T5 neurons. We verified the previously undetected expression of vesicular GABA transporter in T4/T5 cells using VGAT-LexA knock-in line. The provided gene expression dataset can serve as a useful source for studying the properties of direction-selective T4/T5 neurons on the molecular level.
Introduction
Processing of visual cues and detecting the direction of motion in particular is critical for the survival of many organisms. In Drosophila, visual motion processing begins at the level of photoreceptors in retina that use histamine as their neurotransmitter [1] . Photoreceptor signals are segregated into parallel ON-and OFF-channels represented at the cellular level by glutamatergic L1 neurons (ON-channel) and cholinergic L2 neurons (OFF-channel) [2, 3, 4, 5] . The identified downstream components of the ON motion vision pathway are Mi1 and Tm3 neurons which synapse on the T4 neurons [6, 7, 8, 9] . In the OFF motion vision pathway the L2 neurons provide input to Tm1, Tm2, Tm4 and Tm9 cells that in turn connect with T5 neurons [4, 7, 8, 10, 11, 12] . The neurotransmitter used by Tm1, Tm2, and Tm9 cells is acetylcholine [4, 11] . In other cell types presynaptic to T4 and T5 neurons, the neurotransmitter systems have not been characterized yet.
Within each column of the fly visual system, four subtypes of the T4 and T5 neurons exist which signal the local direction of motion along one of the four orthogonal directions and project accordingly into one of the four layers of the lobula plate [13, 14] . T4/T5 cells are the elementary motion detectors and blocking of their synaptic transmission results in a complete loss of the fly optomotor response [15, 16] . Since none of the cells presynaptic to T4/T5 cells are directionally selective [7, 8, 10, 12] , the dendrites of the T4/T5 neurons represent the first processing stage in the fly visual system where the direction of image motion is explicitly represented [13, 14] .
A theoretical model for direction selectivity proposed by Hassenstein and Reichardt [17] has been dominating the field of insect motion vision. The Hassenstein-Reichardt (HR) model consists of a coincidence detector that receives input from two adjacent points in space. Signal propagation in one of these input channels is temporally delayed resulting in simultaneous arrival of the signals to the coincidence detector only when the luminance moves across space in a particular direction and velocity. Subsequently, the synchronously arriving signals become amplified in the coincidence detector in a multiplicative way. HR model explains an enhancement of signals moving along the preferred direction of T4/T5 neurons [14] whereas an additional inhibitory mechanism causes suppression of signals moving in the opposite, so-called 'null-direction' of the cells [18, 19] .
While current work in the field refines the algorithmic structure of the mechanism leading to direction selectivity in T4/T5 neurons and maps different presynaptic cell types onto the emerging circuit, the biophysical implementation of the two key processes, i.e. temporal delay and nonlinear signal-interaction, remains largely unknown. Regarding the origin of the temporal delay between two input signals to the HR detector, three mutually not exclusive scenarios have been suggested [20] : 1.) The temporal delay between two input arms is generated presynaptically to T4/T5 neurons ( Fig 1A) . 2.) The temporal delay arises at the level of neurotransmitter receptors on the dendrites of T4/T5 neurons (Fig 1B) . 3.) Dendritic filtering creates a temporal offset between the input signals within the dendrites of T4/T5 cells (Fig 1C) . The biophysical implementation of the other critical feature of the HR model, the supralinear summation of coinciding signals, represents an open question as well. The following mechanisms have already been demonstrated to underlie supralinear summation in different neurons of other species: activation of voltage-gated sodium and/or calcium channels [21, 22] , activation of Implementation of the time delay in HR model. Schematics of a direction-selective dendrite (grey rectangle) receiving input from two channels (depicted in red). Visual stimulus moving in a preferred direction (PD) causes sequential activation of the two input channels. Due to temporal delay (τ) in signal propagation in one of the input channels, the two signals triggered by a PD stimulus reach the dendritic mechanism for supralinear amplification (shown as 'X') simultaneously and are as result summed in a non-linear fashion. Visual stimuli moving in other directions do not lead to signal amplification in the dendrite.
NMDA receptors [23] , opening of rectifying electrical synapses [24] and deactivation of inhibitory currents [25] . As the present knowledge about expression of genes that could determine the computational properties of T4/T5 neurons is limited [11] , the implementation of the HR model of direction-selectivity at the molecular level on the dendrites of T4/T5 neurons is still an unresolved issue.
Here, we provide a complete transcriptional profile of all protein-encoding genes in T4/T5 neurons. We examine expression levels of the identified neurotransmitter receptors and gap junction proteins in order to characterize the input T4/T5 neurons receive from their presynaptic partners. Furthermore, we analyze the expression of voltage-gated and non-gated ion channels that may underlie the mechanism for coincidence detection in the T4/T5 neurons. Unexpectedly, our RNA-seq data reveals that T4/T5 neurons co-express vesicular transporters for acetylcholine and GABA. In addition to cholinergic markers, T4/T5 neurons also produce GABA-degrading enzyme GABA transaminase. We confirm the co-expression of the vesicular GABA transporter (VGAT) and acetylcholine-synthesizing enzyme ChAT in all T4/T5 neurons using the transgenic VGAT-LexA knock-in line (Simpson 2016; J Neurogenetics, in revision) and immunostaining with antibody against ChAT.
Materials and Methods

Fly stocks
Flies were raised on standard cornmeal-agar food at 25°C. The following stocks were used: 10xUAS-unc84::2xGFP (provided by F. Schnorrer) [26] , GMRSS00324 (R59E08-AD; R42F06-DBD) (provided by A. Nern) [27] , R42F06-Gal4 (provided by G. Rubin) [15] , UASmCD8::GFP (BDSC #5130) [28] , VGAT-LexA (provided by J. Simpson) (Simpson 2016; J Neurogenetics, in revision) and LexAop-myr::mCherry (provided by B. Dickson) [29] .
Immunoprecipitation of nuclei
The following protocol was modified from the previously described procedure [26] . 300 μl of Dynabeads Protein G magnetic beads (Thermo Fisher Scientific) were incubated with 10 μl of the monoclonal anti-GFP antibody (Sigma-Aldrich, G6539) for 30 minutes at 4°C. Afterwards, beads were washed three times with 0.1% PBT. Approximately 50-60 ml of flies with the genotype w -; R59E08-AD/+; R42F06-DBD/10xUAS-UNC-84::2xGFP were anesthetized by CO 2 and frozen in liquid nitrogen. Flies were decapitated by vigorous vortexing. Heads were smashed using Dounce grinder (Sigma-Aldrich) with loose pestle in ice-cold buffer (10 mM β-glycerophosphate, 2 mM MgCl2, 0.5% Igepal). The homogenate was passed through a 180 μm nylon net filter (Millipore) and filtrate was smashed again in Dounce grinder with tight pestle. After additional filtering through a 20 μm nylon net filter (Millipore), the homogenate was brought to 50 ml with sucrose buffer (10 mM β-glycerophosphate, 2 mM MgCl2, 25 mM KCl, 250 mM sucrose) and the antibody-preincubated magnetic beads were added. The binding reaction was carried out at 4°C for 30 min and was followed by five washes of the bead-bound nuclei with sucrose buffer. The bead-bound nuclei were imaged on a Leica TCS SP8 laser-scanning confocal microscope with DAPI (1 μg/ml) as a nuclear marker. In total, 636 DAPI-positive nuclei were manually counted, out of which 597 (94%) were GFP-positive.
RNA isolation and RNA-seq
RNA from bead-bound nuclei was extracted with Trizol reagent (Thermo Fisher Scientific). Total RNA from two biological replicates (0.7 μg and 0.8 μg) was submitted to EMBL Genomics Core Facility, Heidelberg, Germany. A cDNA library was generated using TruSeq Stranded mRNA LT Sample Prep Kit (Illumina) and single-end sequenced on Illumina HiSeq 2000 to 51 bp read length. TopHat (v2.1.0) [30] was used to align untrimmed reads to the annotated genome of D. melanogaster (FlyBase r6.04). Alignment was carried out with default settings, except for excluding reads that mapped to more than one genomic position. In two biological replicates, 90% and 87% of total reads were uniquely mapped, resulting in a total of 154 and 119 million aligned reads. Reads mapping to gene exons were counted with the 'featureCounts' software (Rsubread package v1.12.6) [31] in R (v3.0.2). Read counts per gene were normalized by total exon length of a gene and the sum of reads assigned to all exons to generate the reads per kilobase per million reads mapped (RPKM) values (S1 Table) .
Immunohistochemistry
Fly brains were dissected in PBS and fixed in 4% PFA with 0.1% TritonX for 25 minutes. Brains were washed in 0.3% PBT and incubated first with primary (24-72h) and then secondary (24-48h) antibodies in 0.3% PBT supplemented with 5% NGS at 4°C. Brains were mounted in Vectashield mounting medium (Vector Laboratories) and imaged on Leica TCS SP5 laser-scanning confocal microscope. We used the following antibodies: rabbit anti-GFP (Torrey Pines, 1:400), mouse anti-nc82 (DSHB, deposited by E. Buchner 
Results
RNA-seq data
We performed RNA-seq of the mRNA extracted from immunoprecipitated GFP-tagged nuclei of T4/T5 neurons [26] . Cell type-specificity of our approach was achieved by using a split Gal4 line with expression restricted to T4/T5 neurons [27] (Fig 2A) and the high purity (94%) of the isolated GFP-labelled nuclei (Fig 2B) . Two independent biological replicates showed high correlation of their expression values (Fig 2C) , confirming the reproducibility of the obtained RNA-seq results. The genome-wide expression levels in T4/T5 neurons were within the range 0-4770 RPKM (S1 Table) . We plotted all analyzed expression levels on an arbitrary color scale with the minimum at 0 and maximum at 100 RPKM, arguing that 95% of the genes in T4/T5 neurons have an expression value within these limits.
Neurotransmitter receptors and gap junction proteins in T4/T5 neurons
We analyzed expression of the identified membrane receptors for all known neurotransmitters in Drosophila (Fig 3) . In addition, we considered the possibility that T4/T5 neurons may receive input via electrical synapses and, therefore, examined expression of the known gap junction proteins as well (Fig 3) . RNA-seq results showed that four subunits of nicotinic acetylcholine receptor (Dα2, Dα7, Dβ1 and Dβ2) had high expression levels. In addition, the muscarinic acetylcholine receptor mAChR-A was strongly expressed, while the other muscarinic receptor, mAChR-B, showed lower expression levels. Among the identified glutamate receptors, we observed strong expression of the glutamate-gated chloride channel GluClα which has been shown to mediate the hyperpolarizing action of glutamate in fly neurons [32, 33, 34] . We detected high expression levels of the ionotropic glutamate receptor subunits CG3822 and CG11155. Despite the very weak expression of the functional subunits of the NMDA receptor Nmdar1 and Nmdar2, we found that a related gene, Nmda1 that encodes a protein associated with the NMDA receptor is strongly expressed. Nmda1 gene has not been fully described yet and it is not clear whether it has functional role in neurotransmission.
Our RNA-Seq results showed presence of transcripts also for ionotropic GABA receptor subunits Rdl, Lcch3 and CG8916 as well as metabotropic GABA receptors GABA-B-R1 and GABA-B-R2. None of the known receptors for serotonin, histamine or tyramine were expressed in T4/T5 neurons. Amongst the octopamine receptors, we detected low expression of Oamb, suggesting weak octopaminergic input to T4/T5 neurons. Dopamine-ecdysone receptor DopEcR was expressed at high levels in T4/T5 neurons. Nevertheless, presence of DopEcR does not necessarily imply that T4/T5 neurons receive dopaminergic input as DopEcR also serves as a detector of steroid hormones [35] . We did not detect expression of any gap junction proteins of the innexin family in the T4/T5 neurons.
Ion channels in T4/T5 neurons
The whole Drosophila genome contains only one gene that encodes a voltage-gated sodium channel-named para-and five genes encoding auxiliary subunits that are known to modulate the gating of para. We found the voltage-gated sodium channel para to be expressed in T4/T5 neurons together with four out of the five identified modulatory subunits (Fig 4) . All of the identified subunits of voltage-gated calcium channels were expressed in T4/T5 neurons as well (Fig 4) . In addition, we also detected expression of the voltage-gated cation channel NaCP60E that is permeable for both, calcium and sodium (Fig 4) .
Potassium channels can be divided based on their structure and function into three main groups: voltage-gated potassium channels, two-pore domain potassium channels and inwardly rectifying potassium channels. With the exception of Elk and KCNQ, all of the identified members of voltage-gated potassium channels were expressed in T4/T5 neurons (Fig 5) . Expression of Shawl and SK was rather weak (Fig 5) . Two-pore domain potassium channels have been shown to mediate leak potassium current as well as chemo-and mechano-sensation [36] . In T4/T5 neurons, two members of this family, CG1688 and Task7 were strongly expressed ( Fig  5) . None of the inwardly rectifying potassium channels was present in T4/T5 neurons (Fig 5) .
Neurotransmitter phenotype of T4/T5 neurons T4/T5 neurons have previously been shown to use acetylcholine as their neurotransmitter [11, 33] . Hence, our expectation was to confirm the cholinergic phenotype of these neurons. Indeed, we found the genes for the acetylcholine-synthesizing enzyme ChAT and the vesicular acetylcholine transporter (VAChT) to be expressed at high levels (Fig 6) . Surprisingly, however, we also found the gene for the vesicular GABA transporter (VGAT) to be expressed in T4/T5 neurons (Fig 6A) .
To prove the expression of VGAT in T4/T5 neurons by another line of evidence, we used a transgenic fly line VGAT-LexA that had the sequence for bacterial transcription factor LexA Utilizing two binary expression systems, Gal4/UAS [37] and LexA/lexAop [38] , we labelled T4/T5 neurons with GFP and cells with an active VGAT locus with mCherry. The immunostaining revealed that T4/T5 neurons were indeed part of the VGAT-LexA expression pattern (Fig 7) . The apparent co-expression of VAChT and VGAT in T4/T5 neurons raises the possibility that T4/T5 neurons compose two different populations; one cholinergic and one expressing VGAT. To test this, we performed further staining against acetylcholine-synthesizing enzyme ChAT that showed that all of the VGAT-expressing T4 and T5 neurons were in addition cholinergic as well (Fig 7) .
Besides the vesicular transporter VAChT and acetylcholine-synthesizing enzyme ChAT, cholinergic neurons are characterized by the presence of the membrane choline transporter that is in Drosophila encoded by the gene CG7708. Our RNA-seq results confirmed the expression of all three cholinergic markers in the T4/T5 neurons (Fig 6) . On the other hand, GABAergic neurons are characterized by the presence of GABA-synthesizing enzyme glutamate decarboxylase (Gad1), membrane GABA transporter (Gat) and GABA-degrading enzyme GABA transaminase (Gabat). We found that T4/T5 neurons did not express Gad1 and Gat but their expression of Gabat was comparable to that of cholinergic markers (Fig 6) , suggesting that degradation of GABA is taking place in T4/T5 neurons.
Discussion
Comparison of expression data obtained with RNA-seq and RT-PCR
A low-throughput transcript profiling of selected 22 genes in T4/T5 neurons was already performed previously using RT-PCR amplification of mRNA from the isolated somata of either T4 or T5 neurons [11] . Shinomiya et al. [11] detected expression of ChAT and potassium channel slo in both, T4 and T5 neurons, muscarinic acetylcholine receptor mAChR-A in T5 cells and mAChR-B in T4 cells, in agreement with our results (Figs 3, 5 and 6 ). However, transcripts for nicotinic subunit Dβ3 identified by RT-PCR in T4/T5 neurons [11] were not detected in our RNA-seq dataset (Fig 3) . On the other hand, we observed strong expression of nicotinic receptor subunits Dα2, Dβ1, Dβ2 (Fig 3) and vesicular transporter VGAT (Fig 6) while none of these genes was identified as expressed in the RT-PCR assay [11] . These discrepancies are likely due to lower detection threshold caused by smaller amounts of input mRNA used in reported RT-PCR experiments and higher risk of contamination of the analyzed neurons with other cell types during the manual sampling of somata.
Our transcriptome analysis with RNA-seq pools T4 and T5 cells together as there is no available Gal4 line with the expression pattern restricted exclusively to either T4 or T5 neurons. The Gal4 lines used previously to target either T4 or T5 neurons [11, 13, 33] show expression also in other neuronal types in the central brain, therefore they are not suitable for the approach used in this study that involves immunoprecipitation of neuronal nuclei from the whole fly heads. As a consequence of the pooling of T4 and T5 cells together in our analysis, genes that are differentially expressed in T4 and T5 neurons might show weaker expression in our dataset although their expression is strong but restricted to either T4 or T5 cells. In addition, T4/T5 neurons comprise a total of eight subtypes that differ in their preferred direction, orientation of their dendrites and projection pattern of their axons. Although all these cell types likely perform the same dendritic computations, this diversity might still affect our transcriptome data.
Molecular implementation of HR model
A major contribution of our transcriptome analysis of T4/T5 neurons is narrowing down the biological mechanisms that can apply the HR model of motion detection to the dendrites of the T4/T5 neurons. Depending on where the time delay in the HR model arises (Fig 1) , different molecular processes underlying coincidence detection come into question. Inputs that are temporally offset already presynaptically to the dendrites of the T4/T5 neurons (Fig 1A) can be summed in a supralinear fashion by rectifying electrical synapses [24] , deactivation of Kir conductance [25] or voltage-gated sodium or calcium channels [21, 22] . As neither the electrical synapses nor the inwardly rectifying potassium channels are present in the T4/T5 neurons (Figs 3 and 5) , we suggest that voltage-gated sodium and calcium channels (Fig 4) are the main candidates for the supralinear summation in this scenario.
Our results show that T4/T5 neurons are likely to receive cholinergic, glutamatergic and GABAergic input (Fig 3) . For each of these neurotransmitters, both ionotropic as well as Gprotein coupled receptors are expressed in the T4/T5 neurons. As the ionotropic and metabotropic neurotransmitter receptors have different activation dynamics, the temporal delay can indeed be generated by the two inputs synapsing on different types of receptors on the dendrites of T4/T5 neurons (Fig 1B) . Supralinear dendritic summation by NMDA receptors in the T4/T5 neurons is not likely as the expression levels of the functional NMDA receptor subunits are rather low (Fig 3) . A coincidence detection mechanism involving deactivation of KCNQmediated hyperpolarizing potassium current via muscarinic acetylcholine receptor signaling cascade has already been proposed to take place in T4/T5 neurons [11, 39] . However, the weak expression of KCNQ in T4/T5 neurons makes the contribution of KCNQ currents to a supralinear signal amplification in T4/T5 neurons unlikely (Fig 5) . As a potential substrate for the recently discovered null-direction suppression [18, 19] , T4/T5 neurons express GABA receptors as well as glutamate-binding hyperpolarizing GluClα channel (Fig 3) . Such inhibitory inputs could also shape the receptive field properties of T4/T5 neurons making them more sensitive to gratings orthogonal to their preferred orientation [14] .
Dendritic signal propagation depends on the morphology of the dendrites as well as on their active and passive membrane properties. Possible differential temporal filtering in the dendritic compartments of T4/T5 cells (Fig 1C) can be caused by inhomogeneous distribution of ion channels mediating leak currents, low threshold potassium currents or hyperpolarization-activated potassium currents. We identify expression of candidate channels in the T4/T5 neurons that might mediate these currents such as leak potassium channels CG1688 and Task7, hyperpolarization-activated potassium channel Ih and low threshold-activated potassium channels Shab, Shaw [40] , eag [41] and sei [42] (Fig 5) .
Co-existence of acetylcholine and GABA in T4 and T5 neurons?
GABAergic neurons in flies are traditionally characterized by the presence of glutamic acid decarboxylase Gad1, an enzyme responsible for GABA synthesis [43] . Mammalian neurons, however, can release GABA in absence of glutamate decarboxylase. This is achieved either by re-uptaking GABA from the extracellular space via GABA transporters [44] or by its synthesis with alternative pathways [45, 46] . GABA transaminase (Gabat) can convert succinic semialdehyde into GABA and vice versa [47] , and is thought to participate in the degradation of GABA in most cells, not in its synthesis [48] . In T4/T5 neurons, the Gad1 and Gat are expressed very weakly ( Fig 6B) and therefore their contribution to potential GABAergic transmission of T4/ T5 neurons is questionable. On the other hand, Gabat is expressed at the levels comparable to cholinergic markers (Fig 6B) suggesting that degradation of GABA is taking place in T4/T5 neurons. Alternatively, Gabat might be the GABA synthesizing enzyme in the T4/T5 neurons.
T4/T5 neurons synthesize and release acetylcholine from their axons onto their postsynaptic partners, the lobula plate tangential cells [11, 33] . In addition to axon terminals, T4 neurons also possess presynaptic neurotransmitter release sites in their dendrites [6] . The identified recipients of the dendritic synaptic input from T4 neurons are Mi9, C3 and other T4 neurons [6] . The functional role of dendritic synapses of T4 neurons has not been investigated yet, and neither has it been shown that these synapses are cholinergic. For comparison, in mouse retina, direction-selective starburst amacrine cells (SACs) co-release acetylcholine and GABA [49] and GABAergic SAC-SAC connections shape the velocity tuning and contrast range of SACs [50] . Whether this could be the role of GABAergic transmission in T4/T5 neurons remains to be investigated. In flies, there has been no evidence provided so far for the release of more than one neurotransmitter from a single neuron. 
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